Objective-Sphingolipid de novo biosynthesis is related to nonalcoholic fatty liver disease or hepatic steatosis. However, the mechanism is still unclear. Sphingomyelin synthase (SMS), using ceramide as one of the substrates to produce sphingomyelin, sits at the crossroads of sphingolipid biosynthesis. SMS has 2 isoforms: SMS1 and SMS2. SMS2 is the major isoform in liver. Approach and Results-To investigate the relationship between liver SMS2 activity-mediated sphingolipid changes and hepatic steatosis, we used 2 mouse models: Sms2 liver-specific transgenic and Sms2 knockout mice. We found that Sms2 liver-specific transgenic livers have lower ceramide and higher sphingomyelin, whereas Sms2 knockout livers have higher ceramide and lower sphingomyelin. We also found that liver Sms2 overexpression promoted fatty acid uptake and liver steatosis, whereas Sms2 deficiency had an opposite effect in comparison with their respective controls. Importantly, the exogenous ceramide supplementation to Huh7 cells, a human hepatoma cell line, reduced the expression of peroxisome proliferator-activated receptor γ2 and its target genes, Cd36 and Fsp27. Peroxisome proliferator-activated receptor γ reporter analysis confirmed this phenomenon. Furthermore, peroxisome proliferator-activated receptor γ antagonist treatment significantly decreased triglyceride accumulation in Sms2 liver-specific transgenic liver. Conclusions-We attributed these effects to ceramide that can suppress peroxisome proliferator-activated receptor γ2, thus reducing the expression of Cd36 and Fsp27 and reducing liver steatosis. After all, SMS2 inhibition in the liver could diminish liver steatosis. (Arterioscler Thromb Vasc Biol. 2013;33:1513-1520.)
T here is a relationship between sphingolipid de novo biosynthesis and nonalcoholic fatty liver disease or hepatic steatosis. 1 However, the mechanism is still unclear because many sphingolipids may be involved in fatty liver formation. Sphingomyelin synthase (SMS), which uses ceramide as one of the substrates to produce sphingomyelin, sits at the crossroads of sphingolipid biosynthesis. Overexpression or blockage of SMS activity should influence not only sphingomyelin but also ceramide levels. 2 SMS has 2 isoforms: SMS1 and SMS2. The major isoform in the liver is SMS2. 2, 3 Ceramide is composed of sphingosine and a fatty acid. Ceramide can be generated through the de novo pathway. 4 It also can be generated through the sphingomyelinase pathway, which breaks down sphingomyelin in the cell membranes and releases ceramide. 5 Roles have been proposed for ceramide in heart disease, and it has been shown to induce apoptosis. 6 Ceramide mediates an inflammatory response initiated by cytokines or oxidized low-density lipoprotein, a response that upregulates adhesion molecule expression and induces adhesion and migration of monocytes. These events are crucial in the initiation and progression of atherogenesis. 7, 8 Plasma ceramide may contribute to maladaptive inflammation in patients with coronary heart disease. 9 It has been reported that plasma ceramide levels in apolipoprotein E knockout (KO) mice are higher than in controls. 10 Plasma ceramides may also correlate with oxidized low-density lipoprotein, becoming a risk factor for atherosclerosis. 10 CD36 is a member of the class B scavenger receptor family, located on cell surface lipid rafts. 11 CD36 expression is increased concomitantly with hepatic TG content in different animal models of liver steatosis. 12, 13 CD36 is regulated by peroxisome proliferator-activated receptor (PPAR) γ. 14 
PPARγ
and Cd36 mRNA expression is specifically upregulated in high-fat diet-induced liver steatosis in mice. 15 PPARγ is a member of a nuclear hormone superfamily that heterodimerizes with the retinoid X receptor. These July 2013 proteins are transcriptional regulators of genes encoding proteins involved in adipogenesis and lipid metabolism. 16 PPARγ exists in 3 protein isoforms, PPARγ1, PPARγ2, and PPAR γ3, which are created by alternative promoter usage and alternative splicing at the 5′ end of the gene. PPARγ3 expression was restricted to colon and adipose tissue in humans. PPARγ2 contains 30 additional amino acids at the N terminus compared with PPARγ1. 17 PPARγ1 is expressed in many tissues, whereas significant PPARγ2 expression is limited in certain tissues, such as adipose tissues and the liver. Increased expression of either or both isoforms has been observed in livers of obese and insulinresistant rodents. 18, 19 In fact, aberrant hepatic expression of PPARγ2 stimulates hepatic lipogenesis in a mouse model dealing with obesity, insulin resistance, dyslipidemia, and hepatic steatosis. 20 In this study, we specifically investigated diet-induced liver steatosis in both liver-specific Sms2 transgenic and Sms2 KO mice. We found that liver Sms2 overexpression promotes mouse liver steatosis, whereas Sms2 deficiency has opposite effect in comparison with controls. We explored the potential mechanisms in this study.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Lipid Analysis in Sms2 Liver-Specific Transgenic and Sms2 KO Mice on Chow Diet
We used LC/MS/MS to measure liver sphingolipids and used enzymatic assay to measure liver total cholesterol, total phospholipid, triglyceride, and free fatty acid. As indicated in Table 1 , livers from Sms2 liver-specific transgenic (LTg) mice contained significantly more sphingomyelin and less ceramide than controls (38% and 20%; P<0.01 and P<0.05, respectively), and livers from Sms2 KO mice contained significantly less sphingomyelin and more ceramide levels than controls (33% and 14%; P<0.01 and P<0.05, respectively). We also observed that liver-free fatty acid levels were significantly increased in Sms2LTg (20%; P<0.05) and significantly decreased in Sms2 KO mice (18%; P<0.05). Triglyceride levels were significantly increased in Sms2LTg mice (50%; P<0.01) compared with controls. There was a decrease of triglyceride in Sms2 KO liver, but it was not statistically significant. There were no significant changes in total phospholipids and total cholesterol. All other liver sphingolipids have no noticeable difference ( Table I in the online-only Data Supplement).
We next stained the liver section from Sms2LTg and control mice with Oil Red O and found that Sms2 overexpression in the liver promoted lipid accumulation ( Figure 1A and 1B; Figure IA -ID in the online-only Data Supplement). We performed insulin tolerance test on Sms2LTg and control mice and found that Sms2LTg mice, with lower liver ceramide levels, have lower insulin sensitivity ( Figure II in the online-only Data Supplement) than controls. Similarly, we previously reported that Sms2-deficient mice have higher insulin sensitivity. 21
Liver Sms2 Overexpression Promotes, Whereas Liver Sms2 Deficiency Diminishes Diet-Induced Steatosis in Mice
We found that Sms2LTg mice had significantly larger livers ( Figure 1C and 1D), whereas Sms2 KO mice had smaller livers ( Figure 1E and 1F), compared with their respective controls, after 8-week high-fat, high-cholesterol diet feeding. We also noticed that Sms2LTg liver had a milk-like color ( Figure 1C ).
We further stained the liver frozen sections with Oil Red O, finding that Sms2 overexpression caused substantial lipid accumulation in the liver ( Figure 1G and 1H; Figure IE -IH in the online-only Data Supplement), whereas Sms2 deficiency had the opposite results ( Figure 1I and 1J; Figure IIL in the online-only Data Supplement).
As indicated in Table 1 , after a high-fat feeding, the liver from Sms2LTg mice contained significantly higher sphingomyelin levels (33%; P<0.01), whereas the liver from Sms2 KO mice contained significantly less sphingomyelin levels (25%; P<0.01) compared with controls. Liver triglyceride levels were significantly increased in Sms2LTg mice (52%; P<0.001) and significantly decreased in Sms2 KO mice (48%; P<0.001). Liver-free fatty acid levels were significantly increased in Sms2LTg mice (24%; P<0.05) and significantly decreased in Sms2 KO mice (23%; P<0.05). There were no significant changes in total phospholipids and total cholesterol (Table 1) . We also measured sphingolipid levels using LC/MS/MS. As indicated in Table 1 , liver ceramide levels were significantly decreased in Sms2LTg mice (26%; P<0.01) and significantly increased in Sms2 KO mice (16%; P<0.05) compared with controls. There were no significant changes in sphingosine, sphingosine-1-phosphate, and dihydroxyl-sphingosin-1-phosphate (data not shown).
We next sought to isolate plasma membranes from mouse liver with relatively pure quality ( Figure III in the online-only Data Supplement) and measured SM and ceramide, as well as other sphingolipid levels, using LC/MS/MS. We found that Sms2 overexpression significantly increased SM levels, whereas deficiency decreased SM levels compared with controls (Table 2 ). Furthermore, we did not observe any significant changes in other sphingolipids, such as ceramide and sphingosine-1-phosphate (Table 2) . Similar results were obtained for mice on a chow diet ( Table 2) .
We have already characterized high-density lipoprotein and apolipoprotein A-I levels in Sms2LTg and Sms2 KO mice. We did not observe changes in high-density lipoprotein cholesterol and apolipoprotein A-I. 2 We also measured ABCA1 levels on mouse liver homogenates using Western blot, and we did not find significant changes ( Figure IV in the online-only Data Supplement).
Ceramide But Not Sphingomyelin or Phosphatidylcholine Can Suppress PPARγ Expression
To gain insight into the mechanisms of how Sms2 overexpression promotes and deficiency prevents the formation of fatty livers, we examined the expression levels of the responsible genes using real-time quantitative polymerase chain reaction in the liver. We found that PPARγ2 was significantly elevated in high-fat-fed Sms2 transgenic mice (2.1-fold; P<0.001) but suppressed in Sms2 KO mice (69%, P<0.001; Table 3 ). Consequently, Cd36 and Fsp27, 2 downstream effectors of PPARγ2, were dramatically increased in Sms2 transgenic mice (3.7-fold, P<0.0001 and 5.8-fold, P<0.0001) and decreased in Sms2 KO mice (48%, P<0.001 and 61%, P<0.001; Table 3 ). We also found that diacylglycerol acyltransferase 1 and diacylglycerol acyltransferase 2 were significantly increased in Sms2 transgenic liver ( Table 3 ). All other genes related to lipid metabolism had no statistically significant changes under Sms2 overexpression and deficiency (Table 3 ). Our observation suggested that PPARγ2 is at least one of the key factors mediating SMS2 activity-related liver steatosis.
We next sought to examine protein levels of CD36 in Sms2LTg and Sms2 KO livers. We found that Sms2LTg liver had significantly higher CD36 protein levels (7-fold, P<0.001; Figure 2A ), whereas Sms2 KO liver had significantly lower CD36 protein levels (70%, P<0.01; Figure 2B ) compared with their controls.
CD36 is located on plasma membrane lipid rafts. 22 We then investigated how Sms2 overexpression or deficiency affected CD36 in lipid rafts. We isolated these rafts from the whole liver using reported protocols. 23, 24 CD36 was found in light fractions enriched with the raft markers, Src kinase lyn and caveolin-1 ( Figure 2C ). We pooled raft fractions (3-5) and nonraft fractions (10) (11) (12) to perform a CD36 Western blot. Sms2LTg liver raft regions contained significantly more CD36 (5-fold, P<0.001; Figure 2D ), whereas Sms2 KO liver raft regions contained significantly less CD36 (72%, P<0.001; Figure 2E ).
To further evaluate the effect of Sms2 liver overexpression or deficiency on CD36, we examined the free fatty acid uptake. Hepatocytes from Sms2LTg or Sms2 KO mice were isolated and incubated with [ 14 C]oleic acid. We found that Sms2LTg hepatocytes took up more free fatty acid ( Figure 2F ), whereas Sms2 KO hepatocytes took up less ( Figure 2G ) compared with their controls.
We noticed that Sms2 overexpression decreases ceramide and increases sphingomyelin in the liver homogenates, whereas Sms2 deficiency has opposite effects ( Table 1) . To directly examine the effect of lipid changes on PPARγ2, we examined whether exogenous ceramide supplementation to Huh7 cells, a hepatoma cell line, could stimulate PPARγ2 suppression. For this, we treated the cells with ceramide (10 µmol/L). As shown in Figure 3A -3C, the exogenous supplementation of ceramide in culture significantly reduced PPARγ2, Cd36, and Fsp27 mRNA levels. We also performed PPARγ2 Western blot and found that the protein levels of PPARγ2 were suppressed in a dose-dependent manner ( Figure 3D and 3E) . We used the same concentration of sphingomyelin and phosphatidylcholine to treat Huh7 cells, but no significant changes were found in terms of PPARγ2 protein levels ( Figure 3D and 3E ). Furthermore, we found that ceramide 22:0 and 24:0 but not 16:0 are suppressors of PPARγ2 ( Figure 3F and 3G) .
To confirm the suppression effect of ceramide on PPARγ, we performed PPARγ reporter assay and found that ceramide but not sphingomyelin and phosphatidylcholine decreased luciferase activity ( Figure 3H ). Furthermore, we found that ceramide 24:0 but not 16:0 reduced luciferase activity in a dosedependent manner ( Figure 3I ). These results demonstrated that ceramide can suppress PPARγ activity. Furthermore, we treated Sms2LTg mice with PPARγ antagonist (GW9662, 4 mg/kg by intraperitoneal injection) for 4 weeks and found that triglyceride accumulation was significantly reduced compared with vehicle treatment (30%, P<0.05; Figure V in the onlineonly Data Supplement), suggesting that PPARγ is one of the factors for liver steatosis.
Discussion
SMS2 is the major SMS isoform in the liver. It contributes to >70% of the total SMS activity in liver. 2 In this study, we demonstrated that (1) Sms2 overexpression decreases hepatic ceramide and increases sphingomyelin levels, whereas Sms2 deficiency has an opposite effect; (2) Sms2 overexpression increases, whereas Sms2 deficiency decreases liver plasma membrane sphingomyelin levels; (3) liver Sms2 overexpression promotes, whereas Sms2 deficiency prevents high-fat diet-induced triglyceride and free fatty acid accumulation in the liver; (4) Sms2 overexpression induces the levels of hepatic PPARγ2 and its downstream genes, Cd36 and Fsp27, whereas Sms2 deficiency reduces all these levels; (5) exogenous ceramide but not sphingomyelin or phosphatidylcholine suppresses PPARγ2, CD36, and FSP27 expression levels; and (6) PPARγ antagonist reduces triglyceride accumulation in mouse liver.
There is a relationship between sphingolipid de novo biosynthesis and hepatic steatosis. 1 Pharmacological inhibition of serine palmitoyltransferase 25 or glucosylceramide synthase 26 or the genetic depletion of acid sphingomyelinase 27 reduces hepatic triglyceride levels in mice susceptible to the development of a fatty liver. However, the mechanism is still unknown, and sometimes the results are incongruous. Previously, Mitsutake et al 28 have reported that Sms2 deficiency in mice diminishes the development of obesity and fatty liver, and they attributed this phenomenon to the reduction of sphingomyelin Values are mean±SD (n=4). AOX indicates acyl-CoA oxidase; ATGL, adipose triglyceride lipase; CPT1, carnitine palmitoyltransferase; DGAT, diacylglycerol acyltransferase; FAS, fatty acid synthase; FAS27, fat-specific protein of 27 kDa; FFA, free fatty acids; HSL, hormone-sensitive lipase; KO, knockout; LTg, liver-specific transgenic; PPAR, peroxisome proliferator-activated receptor; SMS2, sphingomyelin synthase 2; SREBP, sterol-responsive element-binding protein; UCP1, uncoupling protein 1; and WT, wild-type. *P<0.01. levels in cell membrane lipid rafts. We also reported that Sms2 deficiency-mediated reduction of plasma membrane sphingomyelin increases insulin sensitivity and decreases high-fatinduced obesity. 21 It is known that sphingomyelin levels in plasma membrane lipid rafts are important in mediating many important cell functions, such as insulin signaling, 21 cholesterol efflux, 29 inflammatory responses, 3, 30 and lipid uptake and transportation. Plasma membrane sphingomyelin-mediated effect is still observed in this study. In this study, we showed that Sms2LTg liver plasma membrane contained significantly more sphingomyelin (Table 2 ) and significantly more amount of CD36 ( Figure 2D ), whereas Sms2 KO liver plasma membrane contained significantly less sphingomyelin ( Table 2) and CD36 ( Figure 2E ). However, there is 1 thing which could not be fully explained by lipid raft sphingomyelin changes: why do Sms2LTg livers have significantly higher and Sms2-deficient livers have significantly lower CD36 and FSP27, a well-known protein involved in hepatocyte lipid droplet formation and liver steatosis, 31 mRNA levels (Table 3) ? There must be an upstream mechanism that can upregulate both CD36 and FSP27 expression. Although Mitsutake et al 28 had indicated that PPARγ, which is upstream of CD36 and FSP27, was decreased in Sms2-deficient mouse livers, they did not show why and how PPARγ was regulated under such conditions. Does ceramide play an important role in mediating liver steatosis? Previous researchers have reported that high ceramide levels contribute to the development of nonalcoholic fatty liver disease via multiple ways involved in insulin resistance, oxidative stress, inflammation, and apoptosis. 32 Yetukuri et al 33 even demonstrated that in ob/ob mice hepatic ceramide levels were strongly correlated with the degree of steatosis. However, what we found in this study was different from the study reported by Yetukuri et al. 33 First of all, we showed that although Sms2 overexpression or deficiency does not change ceramide levels on liver plasma membrane ( Table 2) , Sms2LTg mice had significantly lower, whereas Sms2 KO mice had higher ceramide levels in liver homogenates ( Table 1 ). The former had severe liver steatosis with ( Figure 1G . It is plausible that ceramide depletion in the liver causes steatosis, whereas ceramide accumulation has an opposite effect. Second, exogenous ceramide suppressed PPARγ2 in a dose-dependent fashion ( Figure 3D and 3E) . We further confirmed this by using PPARγ reporter analysis ( Figure 3H ). Third, it has been reported that, in primary . Sphingomyelin synthase 2 (Sms2) overexpression increases and deficiency decreases CD36 levels and free fatty acids (FFA) uptake. A and B, Liver CD36 in homogenates was detected by Western blotting. C and E, Lipid raft was isolated according to the method described in the text. Fractions (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) were collected from the top to the bottom after gradient centrifugation. Each fraction was used for the detection of Lyn kinase, caveolin-1, and CD36. Fractions 3 to 5 (lipid rafts) were pooled, and CD36 levels were detected by Western blotting. F and G, Free fatty acid uptake. Hepatocytes from Sms2 liverspecific transgenic (LTg) or Sms2 knockout (KO) or wild-type (WT) mice were isolated and incubated with [ 14 C]oleate, and then the lipids were extracted using hexanes/ isopropanol (3/2, vol/vol). Radioactivity was analyzed by scintillation counting. Values are mean±SD (n=5; *P<0.01). cultured adipocytes, ceramide treatment reduced PPARγ expression in a time-and concentration-dependent manner. 34 It has also been reported that, in murine mesenchymal stem cells, ceramide treatment reduced PPARγ expression and reduced levels of both triglyceride and specific fatty acids. 35 Recently, we reported that ceramide does not cause cardiac toxicity 36 and insulin resistance. 21 As one of the potential mechanisms, we believe that ceramide can reduce liver steatosis through the direct suppression of PPARγ2 expression in the liver. Although the role of PPARγ in liver steatosis is still uncertain, 37 our PPARγ antagonist study ( Figure V in the online-only Data Supplement) suggests PPARγ is one of the factors for liver steatosis.
In line with the association between low ceramide levels and nonalcoholic fatty liver disease observed in our Sms2LTg mice, Deevska et al 27 reported that sphingomyelinase (which hydrolyzes sphingomyelin and produce ceramide) deficiency reduced hepatic steatosis and improved insulin sensitivity. Bijl et al 26 reported that glucosylceramide synthase (which uses ceramide to produce glucosylceramide) inhibition markedly reduced liver steatosis in mice. The linkage may be that ceramide can suppress PPARγ2 expression in the liver (Figure 3) .
Although PPARγ was once considered an orphan receptor, native and modified polyunsaturated fatty acids have emerged as strong candidates for endogenous activators of this receptor. [38] [39] [40] However, so far no endogenous suppressors of PPARγ have been reported. We hypothesized that certain species of ceramide could be native lipid suppressors for PPARγ. Our results indicated that ceramide 22:0 and 24:0 but not 16:0 can suppress PPARγ2 in an Huh7 cell culture system (Figure 3F , 3G, and 3I). The detailed mechanism that causes this deserves further investigation.
Another possible mechanism linking SMS2 activity and nonalcoholic fatty liver disease might be related to cellular Figure 3 . The exogenous supplementation of ceramide in culture significantly reduces peroxisome proliferator-activated receptor γ2 (PPARγ2) protein levels. Huh7 cells were incubated with exogenous 0, 10, and 30 μmol/L of sphingomyelin (SM), ceramide, or phosphatidylcholine (PC) for 24 hours. Cellular PPARγ2, CD36, and FSP27 mRNA levels were measured by real-time polymerase chain reaction. A, PPARγ2 mRNA levels. B, CD36 mRNA levels. C, FSP27 mRNA levels. Cellular PPARγ2 mass was measured by Western blotting. D and E, PPARγ2 Western blot after treatment with exogenous 0, 10, and 30 μmol/L of sphingomyelin, ceramide, or phosphatidylcholine for 24 hours. F and G, PPARγ2 Western blot after treatment with exogenous 0, 10, and 30 μmol/L of ceramides C16:0, C22:0, and C24:0 for 24 hours. H and I, PPAR reporter assay. Huh7 cells were transfected with PPAR reporter, negative control, or positive control. After 24 hours of transfection, the cells were treated with exogenous sphingomyelin, ceramide, or phosphatidylcholine for 24 hours, and then dual-luciferase reporter assay was performed. H, Dual-luciferase reporter assay after treatment with exogenous 0, 20, and 40 μmol/L of sphingomyelin, ceramide, or phosphatidylcholine for 24 hours. I, Dual-luciferase reporter assay after treatment with exogenous 0, 20, and 40 μmol/L of ceramides C16:0 and C24:0 for 24 hours. Values are mean±SD (n=5; *P<0.05, **P<0.01). sphingomyelin levels. We have previously reported that Sms2 deficiency-mediated reduction of sphingomyelin in the plasma membranes leads to an improvement in tissue and whole-body insulin sensitivity, 21 and this might be associated with less liver steatosis in these mice. However, exogenous sphingomyelin had no effect on PPARγ2 expression ( Figure 3) .
The importance of this study is the finding that increase in ceramide levels can prevent liver steatosis through suppression of PPARγ2. Increasing ceramide levels in the liver can be achieved by SMS2 inhibition.
